The interaction of spatial optical solitons in nematic liquid crystals or nematicons with electrically induced waveguides is investigated experimentally and numerically. Our observations show that broad multimode waveguides are able to guide nematicons and permit an angular steering of the signal. This opens the way to combining the all-optical properties of spatial solitons with the reconfigurability of the electrically induced waveguides. Our numerical model is in good agreement with the observed phenomena.
Introduction
Spatial optical solitons have been investigated in several material systems during the last decades due to the possibility for all-optical manipulation of optical signals. In particular one type of material has gained a lot of interest in the last decade, namely the nematic liquid crystals (NLCs). In this material they have been observed for different configurations with mainly two types of nonlinear effects.
Thermal nonlinear effects can be the basis for soliton generation, using the effect of thermal indexing [1, 2] or by creating an isotropic channel in the liquid crystal (LC) [3] . The other nonlinear effect is the reorientation of the liquid crystal molecules by the electric field of the light [4] . This was used to generate solitons in a waveguide geometry [5] or in a bulk geometry [6] . The latter type of solitons in bulk nematic liquid crystals are also referred to as nematicons [7] . For these nematicons only a few milliwatts of light power is needed and propagation distances up to several millimetres are possible [8] . The response time scales with the thickness of the cell and by decreasing the cell thickness the response time may be as low as a few milliseconds [9] . With these nematicons it is possible to perform all-optical switching and logic gating of optical solitons by making use of interactions between nematicons [10] . Together with the possibility of confining a weak signal in the self-induced waveguide [11] this opens the way to build novel optical interconnects for computing and communications.
On the other hand a number of optical switches have been demonstrated, using the linear properties of the material and electrical switching. The simplest example is the use of a pixelated micro display (i.e. a spatial light modulator) for free-space beam-steering [12] [13] [14] . Other examples are the use of liquid crystals for switching the light from one waveguide to another [15] [16] [17] . The configuration that is most appropriate to combine with nematicons is the one where electrical reorientation of the liquid crystal molecules creates an optical waveguide in the liquid crystal. This can be realized by applying a voltage over a liquid crystal layer sandwiched between a planar electrode and a thin stripe electrode [18] .
A few results have been provided in the literature of soliton manipulation in a linear way by controlling e.g. an electrical voltage [19] or the temperature [20] . The interaction of nematicons with a periodic waveguide array has already been studied [21] . In this work however the interaction of a nematicon with a single broad multimode waveguide is studied experimentally and numerically. We demonstrate the angular steering of the nematicon for application in optical reconfigurable interconnections. controlled by spacers in the glue, which is dispersed at the border of the glass plates. A perpendicular glass plate is glued at the side for proper incoupling of light. The cell is filled with the undoped NLC E7, which has planar alignment due to the rubbing of the alignment layer. For all the measurements presented in this paper the thickness of the LC layer is 75 µm. Further details can be found in [8] . The device in the present paper has a uniform planar electrode layer on one glass plate and a patterned electrode on the other one. The patterning was done by etching the indium tin oxide (ITO) electrode using a standard photolithographic process.
The layout is such that near the entrance of the device there is a uniform electrode region about 1 mm long, which allows for the creation of a nematicon. This region is followed by a region with 40 µm wide electrodes. These stripe electrodes make an angle with the z direction ranging from 0
• to 10
• . Launching the light at different positions along the y direction allows us to investigate the interaction with waveguides of different angles. At the end of the stripe waveguides there is another uniform region.
On application of a voltage, the electric field over the liquid crystal layer tilts the molecules as shown schematically in figure 1(b) . This gives rise to an increase in refractive index for a beam with linear polarization along the x axis. Also this voltage is necessary for the generation of the nematicons [8] as it enhances the nonlinearity [4] . So in the cell there are regions where soliton generation is possible and other regions where it is not.
After inspection of the fabricated cells using a polarization microscope it was seen that at certain edges of the electrodes a disclination line appeared. The average direction of this disclination line was always perpendicular to the rubbing direction and the disclination line appears near electrode edges perpendicular to the rubbing direction. This disclination line poses a problem for the guiding of light in the waveguide, because a considerable amount of light is lost when the optical beam crosses the disclination. Careful design and fabrication can avoid these disclinations. The problems of disclinations and their solution are well known so we will not address the issue any further [22] .
Basic principle
A cross section of the striped electrode region is shown in figure 2 . The dashed lines represent the electric field lines in the device. In the middle under the upper electrode the electric fields are larger than at the sides. As a consequence the LC molecules will reorient more under the electrode than at the sides. This higher tilt under the electrodes leads to a higher index of refraction for a beam with polarization along the x direction. This refractive index profile for a linear optical situation is also schematically shown in figure 2 .
A light beam with a narrow profile compared to the electrode width, launched in this region, will be trapped if the index contrast is large enough. The beam can however spread out in this waveguide. If the optical power is increased and nonlinear reorientation of the molecules starts to play a role, the beam will induce an additional index increase in this waveguide, i.e. the small bump as in figure 2. During the propagation the beam (and the associated bump) will be able to move laterally in the y direction for some extent, but will be attracted back to the middle [23] . This bump is a self-induced waveguide inside the broad voltage induced waveguide.
Experimental results
An optical beam in the near infrared (1064 nm) from a Nd:YAG laser with linear polarization along the x axis is injected into the cell by means of a 40× objective. The measured minimum waist of the Gaussian beam profile is about 3 µm. The propagation of the beam inside the cell was measured by observing the scattered light with a combination of a 10× objective and a CCD camera. (figure 3(a)) the diffraction of the beam at the beginning of the cell is clearly visible. When the beam reaches the waveguide induced by the striped electrode, only a small amount of light is coupled into this waveguide because the width of the diffracted beam is much larger than the width of the waveguide. For the higher optical power (figure 3(b)) no noticeable diffraction can be observed at the beginning of the cell. Almost no light is lost due to the transition from the planar electrode region to the stripe electrode. The graph of figure 3(c) shows the full width at half maximum (FWHM) of the recorded beam propagation. The FWHM is extracted from the CCD data in figures 3(a) and (b) by a numerical procedure. Note that due to the scattering nature of the beam the measured width is overestimated [24] . Additionally, the resolution of the system is not high enough to calculate the beam width rigorously. Indeed, the resolution is about 4.5 µm per pixel while the waist of the injected beam is 3 µm. Hence the data in figure 3(c) should only be interpreted qualitatively and not quantitatively.
The diffraction mentioned in the previous paragraph can be clearly seen in this graph. For the low power beam the width increases until it reaches the waveguide region, while for the high power beam the changes are much smaller. Concerning the propagation in the waveguide, we can see that the width of the low power beam fluctuates in this waveguide, while the width of the high power beam remains approximately constant and on average the width of the low power beam is larger than the high power beam. This means that a spatial soliton is created inside the waveguide or in other words a self-induced waveguide is created inside the electrically induced waveguide as explained in section 3. The numerical results presented in this paper will confirm this. Figure 4 shows the propagation of the beam for different angles of the stripe electrode ranging from 0
• and this for the same optical power. It is clear that the soliton beam follows the path of the slant waveguide quite well, but for higher angles (i.e. from about 8
• ) some off-radiation of the beam can be observed and some power is lost. Figure 6 shows the intensity profile of the two beams for a propagation distance of 3.0 mm. The curve for the low power beam shows two bumps. The smallest bump is the peak that would be expected if there was no off-radiation. The largest bump corresponds to the off-radiated power, which means that the soliton is lost and the signal in the waveguide is scrambled. The curve corresponding to the higher power situation shows a different behaviour: the soliton peak is substantially larger than the bump corresponding to the off-radiation. Thus a small increase in optical power leads to a dramatic increase in the soliton bump. Further increasing the optical power leads to further narrowing of the beam width, but results in fluctuations in beam position, probably due to thermal instabilities [8] .
Similar data were analysed as a function of the applied voltage. To understand the results first we reformulate the general idea of [8] . In this paper it was shown that different optical powers are needed for the creation of an optical soliton as a function of the voltage. The optical torque induced by the electric field of the light on the molecules is maximum for an angle of 45
• between the electric field component and the molecular orientation. For low voltages, the torque is small because this angle is close to 90
• . For higher voltages this angle is close to 0
• , which means that the nonlinearity is small. Furthermore, for large voltages there is not much room left for further increasing the tilt of the molecules. For the materials used the optical power to create a soliton is minimal for about
The present measurements show a similar behaviour for the creation of the soliton inside the waveguide geometry. The voltage for minimal required optical power however is shifted to higher values in the range of 1.6-1.8 V. This is because the electric fields in the liquid crystal layer for the same voltage are smaller for the stripe geometry and this causes a shift to higher voltages to obtain the optimum tilt.
From figures 4 and 5 we see that the light beam undulates for non-zero angles of the waveguide. These undulations are similar to the transverse undulations due to the anisotropic walk-off, reported in [25, 26] . There the undulation arises from the transverse confinement along the thickness of the cell. Here the undulations arise from a lateral confinement due to the limited electrode width. We assumed that the undulation can be written in the following form, with A the amplitude and P the period of the undulation, α the angle of the electrode and Y (z) the position of the maximum of the beam intensity:
Of course this formula can only be correct for small angles of α. We fitted the experimental data with this function. We did this procedure for different angles and voltages and figures 7(a) and (b) show the obtained amplitude and period of the sinusoidal undulations. The amplitude graph (figure 7(a)) shows a clear relation as a function of the angle, namely an increasing amplitude with increasing obliqueness. The values range from zero for a straight waveguide (not shown in the graphs since no distinct undulation could be observed) to more than 40 µm, which is more than the width of the electrode. Note that this value is the double amplitude or 2 A. The fluctuations in the measured amplitude prevent us from drawing conclusions concerning the relation between the amplitude and the voltage.
The graph of the period ( figure 7(b) ) does show a clear relation with the applied voltage. It seems that the minimum pitch of about 900-1000 µm is reached for a voltage of about 1.6 V. The pitch increases for both lower and higher voltages. On the other hand there is no clear relation between the pitch and the angle of the waveguide.
The dependence of the pitch on the voltage means that it is possible to tune the pitch of the undulation slightly. This means that it is not only possible to change the position of the beam by varying the angle of the waveguide, but it is also possible for a certain angle to tune the output angle of the nematicon slightly. This angle is limited by the amplitude of the undulation. Provided that the undulation can be written in the form of (1), the resulting angle of the nematicon β at the end of the striped waveguide is limited to
for different lengths of the waveguide. For α = 4
• , A = 13 µm and P = 1000 µm, this results in a maximum tuning range of about 2 × 4.6
• . The transition from the stripe waveguide geometry to the uniform electrode region is shown in figures 8(a) and (b). In the low power regime the beam coming out of the waveguide is diffracting, while in the higher power situation a soliton is generated. This emerging soliton has an angle with respect to the z direction and this angle is also different from the angle of the waveguide, which is 4
• . Note that the outcoming soliton beam indeed adopts the angle of the beam at the end of the waveguide. The output angles of the soliton measured as a function of the applied voltage are shown in figure 8(c) This clearly proves the possibility of angular steering of the outcoming soliton beam. Similar measurements were made for different thicknesses of the LC layer, in a range from 75 µm down to 4 µm. The observed effects are in complete analogy with the results in this paper, so they are not shown. But the fact that the general ideas and effects are also valid for thin cells is important for practical devices, since the soliton generation time decreases with decreasing thickness [9] .
Numerical simulations and discussion
In order to simulate the light propagation in the waveguide geometry, a two-dimensional calculation of the molecular director is used as in [8, 9] . The main difference is that the calculation of the static electric fields has to be adapted for the waveguide geometry. The same approximation of tilt without twist was used. This means that molecules only rotate in the xz plane and that their orientation can be fully described by the angle θ . In this way we obtain for the electric potential, with −∇V =Ē s ,
and for the molecular orientation
In this equation the molecular orientation is determined by the static electric fieldĒ s and the optical electric fieldĒ o , which is responsible for the optical nonlinearity. For the static field the x component is the important one. Indeed, the y component is only important near the edges of the stripe electrode, twisting the molecules out of the xz plane, which complicates the calculation enormously. Since the light is mainly situated in the middle of the layer under the electrode, in a good approximation these effects can be neglected. Also for the static electric field, the z component is neglected, which is acceptable if the angle of the stripe electrode is small. Figure 9 shows a contour plot of the theta distribution for a voltage of 1.2 V in the absence of light. The maximum of theta in this figure is about 9
• and it is situated under the electrode, shifted slightly upwards with respect to the middle of the LC layer. Note that the contour line near the maximum is circular in a good approximation, which means that the induced refractive index profile will also be nearly circular.
For the optical field we work with one polarization component of the light (TM) and the optical field propagation is calculated using the following equation [26] , according to a finite difference beam propagation method (FDBPM):
where k 0 is the wavenumber in vacuum and δ is the walk-off angle due to the anisotropy, determined by tan
written in terms of the optical tensor elements [25] . This angle δ causes the beam to undulate in the transverse direction (x direction). The optical nonlinearity is taken into account by iterating each step of the BPM until consistency with the calculation of molecular orientation is reached. The optical beam propagation is investigated numerically by launching a Gaussian beam into the induced waveguide. The beam waist is 3 µm. Figure 10 shows the results of this calculation for a straight waveguide and varying optical power. The plane of the figures is the yz plane with the optical fields integrated over the x direction corresponding to the experimental observations. The first figure is a beam propagation without nonlinearity. The breathing of the beam is clearly visible. For higher optical powers, the breathing of the beam decreases until it reaches the optical power where the beam is propagating with an almost unvarying envelope and thus reaches a soliton-like propagation. The breathing of the beam in the linear situation is the effect of multimode imaging which means that a pattern in a wide waveguide is reproduced periodically along the propagation distance of the guide [16] . The nonlinear effect however creates an extra index change so that quasi-invariant propagation is possible. These observations are very similar to the ones for a situation with two uniform electrodes [8] , indicating that a transition from the uniform region to the stripe can indeed happen with little optical loss and without destroying the soliton beam.
Our simulation program is also able to simulate wave propagation in oblique waveguides. The optical propagation algorithm is paraxial, which means that the angles of the beam propagation should be limited to a few degrees. For an accurate simulation of larger angles the algorithm should be extended to a wide angle algorithm [27] . Furthermore, our algorithm is not adapted for fast changes along the z direction so we restrict the simulations to angles not larger than 4
• . Figure 11 shows the results for an oblique waveguide with an angle of 4
• and a voltage of 1.2 V. In the low power regime of figure 11(a) the optical beam is following the main direction of the waveguide, but the breathing of the beam is occurring just as for the straight waveguide. Additionally, off-radiation of optical power is also visible, similar to the experimentally observed off-radiation in figures 5 and 6. The high power regime shows a soliton-like propagation with a periodic undulation and without off-radiation, again in accordance with the experimental observations.
The periodic undulation was again fitted numerically with a sine curve and similar to the results of figure 7, the obtained amplitude and period of the sine curves are put in figure 12 . The amplitude of the undulation matches quite well with the averaged experimental amplitudes in figure 7(a) , exhibiting an increase of amplitude with increasing angle. The simulated amplitude shows some relation with respect to voltage, showing a minimum for about 1.6 V, while no such relation can be derived from the experimental data. The period from the simulations shows the same relation with voltage as the experimental data, but the latter is on the whole slightly larger.
Once again the simulation method [8, 26, 28] proved its validity, showing a good overall agreement between simula-tion and experiment and showing the various dependences. It is however not a rigorous simulation tool for designing a commercial integrated device based on the principles described in this paper, since a number of approximations have been done.
Finally we would like to mention that the origin of the undulations comes from the fact that the beam is launched under a certain angle in the broad waveguide. By either using smaller widths of the striped electrodes or by introducing a suitable transition region it might be possible to suppress the lateral undulations completely. This paper however showed that the undulations can be beneficial as they allow an angular steering of the soliton beam.
Conclusion
In this paper we proposed and demonstrated experimentally and numerically a new concept for the manipulation of nonlinear optical signals in nematic liquid crystals. The guiding of solitons by using adequate electrode patterns was demonstrated and also the angular steering of the output soliton by changing the applied voltage. The low power required for both the optical signals and the electrical driving make this concept a possible candidate for integration in future optical networks. Our approximate numerical model is in accordance with the experimental observations.
